Abstract Using sodium alginate hydrogel as skeleton, in combination with chitosan and magnetic Fe 3 O 4 , a new type of magnetic chitosan/sodium alginate gel bead (MCSB) was prepared. Adsorptive removal of Cu(II) from aqueous solutions was studied by using the MCSB as a promising candidate in environmental application. Different kinetics and isotherm models were employed to investigate the adsorption process. Based on Fourier transform infrared spectroscopy, field-emission scanning electron microscope, CHNS/ O elements analysis, vibration magnetometer, and various means of characterization, a comprehensive analysis of the adsorption mechanism was conducted. The MCSB had a good magnetic performance with a saturation magnetization of 12.5 emu/g. Elemental analysis proved that the addition of chitosan introduced a considerable amount of nitrogen-rich groups, contributing significantly to copper adsorption onto gel beads. The contact time necessary for adsorption was optimized at 120 min to achieve equilibrium.
Introduction
Copper (Cu) is a kind of environmental hazard. With the rapid development of wire drawing, electroplating, printed circuit board printing and many other electronic industries, there is a sharp increase in copper disposal to surface water bodies, posing a severe problem to aquatic eco-system and even a threat for human health (Lee et al. 2016; Sun et al. 2016) . Commonly used methods of copper pollution control include chemical precipitation, plant remediation, membrane separation, adsorption, etc. (Davis et al. 2003; Kurniawan et al. 2006; Ngah and Hanafiah 2008) . Among all these traditional methods, adsorption has many advantages such as easy and simple operation, low cost and high efficiency. Unfortunately, commonly used adsorbents can only be separated from Electronic supplementary material The online version of this article (https://doi.org/10.1007/s10653-018-0137-5) contains supplementary material, which is available to authorized users.
aqueous solution by centrifugation and/or filtration, in which processes additional electricity input and/or equipment configuration (e.g., rotators, membranes or filters) charge extra operating time and costs (Babel and Kurniawan 2003; Fu and Wang 2011) . Therefore, development of new environmentally-friendly and multi-functional adsorbents is of great significance.
Chitosan and its derivatives are kinds of natural organic matters. Due to its amino rich groups freely contained in the molecule structure, chitosan can actively participate in the complexation reaction with heavy metal ions. And it is especially favorable to adsorb heavy metals from wastewater (Ngah et al. 2002) . Consequently, there are a lot of research reports concerning chitosan's utilization as a heavy metal adsorbent (Ngah and Fatinathan 2008; Ngah et al. 2011; Pandey and Tiwari 2015) . However, because of its low stability, poor acid resistance and low volume density, it is difficult for chitosan to be directly employed in practical environmental engineering projects (Popuri et al. 2009 ). Sodium alginate has been regarded as a secure and stable natural macromolecular polysaccharide (Moral and Yildiz 2016) . It has an extraordinary characteristic that a certain amount of sodium alginate can react with a variety of metal ions (da Silva et al. 2015; Papageorgiou et al. 2008; Veglio et al. 2002) . According to reports from Li et al. (2010) , sodium alginate gel beads are ideal frames for the development of new-type composite adsorbents. It can also enhance the adsorption capacity of composite materials in aqueous solutions to form hydrogel (Li et al. 2011; Yalcin et al. 2015) . Therefore, the combination of chitosan and sodium alginate is beneficial to guarantee the stability of adsorbents and to improve the adsorption ability for heavy metal of copper.
Besides that, it is reported that magnetic separation is more efficient in solid-liquid separation as compared with those conventional approaches such as centrifugation and filtration (Lim et al. 2009a; Pyrzynska and Bystrzejewski 2010; Singh et al. 2011) . In order to overcome the difficulty in solid separation from water phase, we further added magnetic Fe 3 O 4 into the fabricated products and consequently endowed our adsorbents magnetism (Bee et al. 2011; Ngomsik et al. 2009; Wu et al. 2011) . Stated thus, drawing support from the stable skeleton of sodium alginate, effective uptake of heavy metal ions by chitosan and rapid separation by Fe 3 O 4 magnet, a novel composite adsorbent was feasible for efficient treatment of copper-containing streams in a short operating period.
The objective of study was to investigate the feasibility of preparing a novel magnetic chitosan/sodium alginate gel bead (MCSB), which was compounded with chitosan, sodium alginate and Fe 3 O 4 nanoparticles as a composite adsorbent for copper removal. Through batch adsorption experiments, the adsorption performance of MCSB for copper ions in aqueous solutions was evaluated. Finally, using characterization means of FTIR, SEM and TGA, we further explored the corresponding mechanism of copper adsorption onto MCSB.
Materials and methods

Materials
The following chemicals: ferric chloride, iron chloride tetrahydrate, ammonia solution, and hydrochloric acid were purchased from Damao Chemical Reagent Factory in Tianjin, China. Sodium alginate was from Qixi Chemical Reagent Factory in Shanghai, China. Copper sulfate was from Fuchen Chemical Reagent Factory in Tianjin. Chitosan ((C 6 H 11 NO 4 ) n , deacetylation degree C 90%) were from Chinese Guoyaojituan Chemical Reagent Factory. All chemicals were in analytical reagent grades and used without further modification. Ultrapure water was used to prepare all the solutions.
Preparation of MCSB
Magnetic Fe 3 O 4 nanoparticles were synthesized via modified co-precipitation method according to the report by Fakhrullin (Fakhrullin et al. 2010) . Briefly, 1.0 M ferric solution and 0.5 M ferrous solution were freshly prepared prior to use. Under N 2 protection, 20 mL of each iron solution was mixed thoroughly. Then, 25% ammonia solution was added to the mixed solution with vigorous mechanical stirring. Upon the observation of heavy precipitate of black magnetic sediment, the pH value of mixture was maintained at about 11. By using a simple permanent magnet, the precipitant could be easily separated. The black sediment was then washed with ultrapure water for several times until the pH of supernatant was close to neutral value. A 2.3% (wt/v) solution of Fe 3 O 4 magnetic nanoparticles was prepared by collecting all black precipitate and re-suspending it with ultrapure water in a 100-mL volumetric flask.
The MCSB adsorbents were synthesized as follows: 100 mg chitosan, 480 mg sodium alginate and 50 mg cysteine (pH = 4.5-5.5) were mixed in 20 mL ultrapure water under mechanical stirring. Then, 4 mL of 0.1 M magnetic Fe 3 O 4 suspension was added. After the ultrasonic processing for 5 min, the resulting mixture was dropped into a slowly stirred 0.25% (wt%) calcium chloride (CaCl 2 ) solution by an injector to form the spherical gel beads. The composite spherical gel bead was around 2 mm in diameter. After soaking in CaCl 2 solution for 0.5 h, the gel beads were washed with ultrapure water for several times. The MCSB was preserved in an aqueous environment for further use.
Batch adsorption experiments
Stock solution (1000 mg/L) of Cu(II) was prepared by dissolving prescribed amounts of CuSO 4 in ultrapure water. To investigate the effect of initial Cu(II) concentration, working solutions with copper concentration ranging from 10 to 80 mg/L were formed by diluting the stock solution to a final volume of 50 mL. Then 12 mg of MCSB was added to respective Cu(II) solution and the mixture was shaken for 300 min. The effect of contact time on the adsorption of Cu(II) onto MCSB was evaluated after 5, 10, 20, 30, 40, 60, 80, 100, 120, 150, 180, 240 and 300 min, while the effect of temperature on the adsorption of Cu(II) onto MCSB was evaluated at 15, 25, 35, 45 and 55°C. The adsorption equilibrium solution without MCSB was separated by a permanent magnet and filtered using a 0.22-lm membrane filter. The concentration of residual Cu(II) in the solution after adsorption was determined with an flame atomic absorption spectrophotometer (TAS-990, Persee, China). All batch adsorption experiments were performed using a constant temperature oscillator at 220 rpm. Samples were taken in triplicate for all batch experiments.
Isotherm adsorption experiments were carried out with a constant dosage of adsorbents and varied concentration of Cu(II) in the range of 10-80 mg/L at 25°C (pH = 5.0). Adsorption kinetic experiments were conducted by collecting solution at predetermined time intervals (sampling time was set to 5, 10, 20, 30, 40, 60, 80, 100, 120, 150, 180 and 240 min) and analyzing the final metal concentration in the aqueous solutions.
The percentage of Cu(II) removal and the adsorption capacity of the MCSB for Cu(II) ions can be calculated according to the following equation (Salisu et al. 2016) .
In which r (%) is the removal efficiency of Cu(II), q (mg/g) is the capacity of Cu(II) adsorbed onto the adsorbent of MCSB, c e (mg/L) is the concentration of Cu(II) in solution at equilibrium, c 0 (mg/L) is initial concentration of Cu(II) in solution, V (mL) is the volume of Cu(II) solution, and m (mg) is the mass of adsorbent.
The Langmuir (Eq. 3) and Freundlich (Eq. 4) isotherm models can be mathematically represented by the following equations (Bee et al. 2011) .
where q e is the amount of Cu(II) adsorbed on adsorbents at equilibrium (mg/g), q m is the theoretical maximum adsorption capacity of adsorbents under the certain conditions (mg/g), c e is the concentration of Cu(II) in aqueous solutions at equilibrium (mg/L), b is the Langmuir constant connected to the affinity between the Cu(II) and the adsorbents (L/mg), K f is the Freundlich constant related to the adsorption capacity of adsorbents, 1/n is the heterogeneity factor ranging from 0 to 1. In order to further clarify the dynamics and ratecontrolling mechanism for adsorption process, two commonly used kinetics models, i.e., the pseudo-firstorder kinetics and pseudo-second-order kinetics, were utilized to simulate the experimental adsorption data (Chen, Tendeyong, and Yiacoumi 1997) . The pseudofirst-order (Eq. 5) and pseudo-second-order (Eq. 6) kinetics can be mathematically expressed as (Vijaya et al. 2008 ):
where q e is the amount of Cu(II) adsorbed on adsorbents at equilibrium (mg/g), t is the contact time during adsorption process. q t is the amount of Cu(II) adsorbed on adsorbents at any time t (mg/g), k 1 is the rate constant of the pseudo-first-order model (min -1 ), k 2 is the rate constant of the pseudo-second-order model (g/mg min).
At the end of batch adsorption experiments, data analysis proceeded with the software Origin 9.0. All of the model fitting parameters were obtained via simulated isothermal or kinetic functions.
Characterizations
Field-emission scanning electron microscope (SU8040, Hitachi, Japan) was conducted to study the morphology of MCSB, Fe 3 O 4 nanoparticles and chitosan/sodium alginate gel bead (CSB). The magnetization of MCSB was measured by using vibration magnetometer (VSM7307, Lake Shore, USA). Fourier transforms infrared (FTIR) spectra of the MCSB before and after adsorption were analyzed with FTIR Spectrometer (Nicolet 6700, Thermo-Nicolet, USA) with KBr pellets in the range of 4000-400 cm -1 . Thermogravimetry analysis (TGA) was performed using Netzsch STA-409PC (Germany) from 313 to 873 K under a dried nitrogen atmosphere, and the heating rate was 10 K/min. Elemental analyses were carried out on different gel beads using CHNS/O element analyzer (Vario EL cube, Elementar, Germany).
Results and discussion
Characteristics of MCSB
The SEM morphology of three different kinds of materials, i.e., CSB, Fe 3 O 4 and MCSB, is shown in Fig. 1 . Compared to the CSB with a smooth surface (Fig. 1a) , there are many tiny solid particles (Fig. 1b) appearing on the surface of MCSB (Fig. 1c) . The observed particles are Fe 3 O 4 nanoparticles (Fig. S1) . They aggregate and occupy the surface of MCSB, making a more rough morphology than that of CSB. Meanwhile, there are no obvious gaps and holes on the surface of neither MCSB nor CSB. It suggests that the adsorption capacity of MCSB and CSB does not merely rely on physical structure of gel beads. The Fe 3 O 4 nanoparticles are prone to aggregate in the absence of magnetic field. Their particle size is less than 100 nm, which is smaller than most of the previous reported products of around 300 nm (Lim et al. 2009b; Shao et al. 2012) . The reduced particle size of Fe 3 O 4 allows a quicker separation of MCSB without any hysteresis phenomenon (Fig. S2) . Thanks to the excellent magnetic property of incorporated Fe 3 O 4 , the MCSB showed a good superparamagnetic character with a coercive force and residual magnetization of zero. The saturation magnetization intensity of MCSB reached 12.5 emu/g, which is 20% as high as that of pure Fe 3 O 4 nanoparticles (64 emu/g). As a result, the doped MCSB adsorbent could be easily recollected from aqueous solution under an applied magnetic field.
Different decomposition behaviors can be observed from the thermogravimetric curves of CSB, MSB and MCSB (Fig. 1d) . At lower temperature of 40-200°C, the thermal decomposition rate is relatively low. The weight loss of approximately 10% is mainly attributed to the evaporation of free and/or bound water molecules. The major composition of samples has not yet started decomposition. As the temperature elevated to 200-275°C, the main composition of gel beads, i.e., sodium alginate, starts to break down and contributes to a weight loss of around 30% by thermal degradation of -COO -groups (Smitha et al. 2005 ). The thermal decomposition rate is quite high. In the range of 300-500°C, the main chain of chitosan begins to decompose, giving a 10-20% weight loss attributed to further dehydration, deacetylation and depolymerization (de Britto and Campana-Filho 2007) . The thermal weight loss rate in this period remains relatively slow. A complete breakdown of chitosan skeleton can be expected when the temperature reaches up to 700°C (Ngah et al. 2011 ), further weight loss can then be recorded at higher temperature. At the end of 600°C, the residue mass percentage of MSB, MCSB and CSB were 47.42, 46.21 and 38.49%, respectively. There was a slight decrease (\ 5%) in the mass weight of Fe 3 O 4 nanoparticles at the temperatures of 40-100 and 300-350°C, which was mainly contributed by the desorption of physically and chemically adsorbed water. The weight loss of three composite materials, which is contributed by thermal decomposition of different synthesis components, undergoes a descending order of CSB [ MCSB [ MSB within our examined temperature of 0-600°C. This result reveals that the magnetic Fe 3 O 4 is thermally stable, while the chitosan shall cause significant changes in the decomposition process.
As shown in Table 1 , compared with the CSB, both MSB and MCSB are relatively low in C, H, N and S element ratio. The decreased organic components in MSB and MCSB are possibly due to the introduction of inorganic Fe 3 O 4 nanoparticles. It is worth noting that the chitosan introduces a lot of nitrogen-rich groups to gel beads. The element proportion of nitrogen in MCSB (1.34%) is two times higher than that in MSB without any addition of chitosan (0.66%), while the difference in the proportion of other three elements is negligible. Many of the nitrogen functional groups (such as -NH 2 ) have been reported to be actively involved in the removal of heavy metal complexation (Ngah and Fatinathan 2008) . Thereafter, the introduction of chitosan will probably enhance the chemical adsorption ability of gel beads for Cu(II) ions. 
Effect of contact time and temperature
The effect of contact time on adsorption capacity and removal efficiency of MCSB for Cu(II) is shown in Fig. 3a . In early test period of 120 min, both the adsorption capacity and removal efficiency of MCSB for Cu(II) increase quickly as the contact time of reaction elongates. At the very beginning of reaction, a large number of binding sites are available on MCSB surface for Cu(II) adsorption together with the relatively high concentration of Cu(II), there exists a strong driving force to promote the mass transfer of adsorbate ions from bulk solution to the unoccupied binding sites (Vijayalakshmi et al. 2016) . As a consequence, the MCSB acts as a promising candidate for efficient removal of heavy metals from aqueous solution in the first two hours. However, as contact time extended, a majority of active sites on the surface of MCSB shall be combined with Cu(II). After 120 min, the adsorption capacity and removal efficiency of MCSB remain unchanged and reach an equilibrium state. Therefore, 120 min was set as the optimal contact time for adsorption process. This suggests that the MCSB is capable of removing Cu(II) from aqueous solutions in a short operating time. Figure 3b represents the effect of operating temperature on adsorption capacity and removal efficiency of MCSB for Cu(II). It is found that the adsorption capacity of MCSB for Cu(II) increases from 58.89 ± 0.6 to 71.56 ± 0.6 mg/g when the temperature rises from 288 to 328 K indicating an endothermic process for the adsorption reaction. Higher temperature is beneficial to promote the adsorption capacity of adsorbents. In general, at normal engineering temperature between 298 and 308 K, MCSB can have a good performance in practical application. From the slope of inset plot (-DH/R, R = 8.314 J/mol K), the change of enthalpy between 300 and 330 K could be determined to be 13.5 kJ/mol, confirming the endothermic nature of adsorption process.
Isothermal and kinetic studies
To explore the MCSB's adsorption capability, surface property and affinity in greater depth, two typical Fig. 3 Effect of a contact time and b operating temperature on adsorption capacity of MCSB adsorption isotherm models, i.e., the Langmuir and Freundlich adsorption isotherm models, were utilized to investigate adsorption mechanism.
The fitting curves of the Langmuir and Freundlich adsorption isotherm models are shown in Fig. 4a , and the resulted parameters are summarized in Table 2 . The correlation coefficient of the Langmuir isotherm Fig. 4 a The Langmuir and Freundlich isotherm models and b the pseudo-first-order and pseudo-second-order kinetics for the adsorption of Cu(II) on MCSB model (R 2 = 0.977) is much closer to 1 as compared with that from the Freundlich model (R 2 = 0.891). It suggests that the adsorption process is more aligned with the Langmuir isotherm model. The Langmuir isotherm model is based on the assumption that the surface of adsorbent is structurally homogeneous and all adsorption sites for heavy metals are identical and energetically equivalent (Rocher et al. 2008) . Thus, it can be concluded that the adsorption process of Cu(II) onto the MCSB is mainly in an uniform monolayer. The theoretical maximum adsorption capacity of the MCSB reaches q m = 124.53 mg/g for Cu(II) calculated by the Langmuir isotherm model. This adsorption capacity is two times higher than that of magnetic alginate encapsulated sorbent in the absence of chitosan (Lim et al. 2008) . Owing to the satisfactory mechanical properties of sodium alginate gel bead, the MCSB outperforms either chitosan-coated plastic polymer or glass beads in adsorption capacity and environmental friendliness (Gama et al. 2017; Popuri et al 2009) . The heterogeneity constant of 1/n is around 0.50, showing beneficial site energy within 0.1 \ 1/n \ 1.0 (Mckay et al. 1982) . And the Freundlich constant K f comes to 11.265, indicating a thermodynamically favorable reaction of Cu(II) adsorption onto the MCSB under optimal conditions. The experimental data are fitted by the pseudo-firstorder and pseudo-second-order kinetics models and shown in Fig. 4 . The value of model fitting parameters are calculated and listed in Table 2 . It can be seen that the value of correlation coefficient for the pseudosecond-order kinetics model (R 2 = 0.978) is higher than that of the pseudo-first-order kinetics model (R 2 = 0.943). The adsorption process of Cu(II) onto the MCSB can be better described by the pseudosecond-order kinetics model than the pseudo-firstorder kinetics model. The pseudo-second-order kinetics model assumes that the rate-controlling steps are mainly chemical adsorption processes between heavy metal ions and the adsorption sites on adsorbents (Mohammed et al. 2015) . Therefore, it is supposed that the functional groups (amino groups, hydroxyl groups and carboxyl groups) located on MCSB may make a major contribution to adsorption capacity.
FTIR analysis
Based on the absorption peaks and bands on Fourier transform infrared spectra, many functional groups on the surface of adsorbent materials can be characterized. FTIR spectra of MCSB before and after batch adsorption experiments are depicted and shown in Fig. 5 with wave number ranging from 4000 to 400 cm -1 . The broad band at 3560 cm -1 can be assigned to -OH stretching vibration, which proves the existence of free hydroxyl group (Lim et al. 2008) . The bands near 3300 cm -1 are attributed to the stretching vibration of amine N-H bonds, which shift to a higher wave number of 3360 cm -1 due to the asymmetric stretching after Cu(II) adsorption on the surface of MCSB (Huang et al. 2003) . The disappearance of N-H bending vibration around 714 cm -1 is possibly caused by the binding of copper ions in aqueous solutions (Benhamou et al., 2009 ). The two adsorption peaks at 2930 and 1670 cm -1 are correspond to the -CH 2 asymmetric stretching vibration and amide C=O stretching vibration, respectively (Wang et al. 2015) . The peak at 1440 cm -1 is an indication of symmetric stretching vibration of carboxyl group. These results prove that many active functional groups, including amino group and oxygen-containing groups of hydroxyl and carboxyl groups, are involved in the adsorption process of Cu(II) on MCSB.
The MCSB, a composite adsorbent of chitosan/sodium alginate from natural components and magnetic Fe 3 O 4 nanoparticles, can offer a potentially In favorable pH range of 3.0-5.0 (Fig, S3) , a rapid Cu(II)@MCSB separation from aqueous solution can be achieved by magnets. Upon acidifying the regeneration solution to pH \ 3.0, Cu(II)-concentrated solutions are collected for post-treatment, while Cu(II)-free MCSB are recovered for further Cu(II) adsorption. Such an adsorption-separation-desorption operation enables the reuse of MCSB and removal of Cu(II) at low cost.
Conclusion
A novel magnetic chitosan/sodium alginate gel bead was prepared and its Cu(II) adsorption behavior in aqueous solutions was investigated. The MCSB was proven to be a potential adsorbent for Cu(II) removal from aqueous solution. It exhibited good magnetic properties for easy solid separation from the aqueous phase under an external magnetic field. The isothermal results suggested that the Langmuir isotherm model demonstrated a better fitting for the adsorption process of Cu(II) on MCSB than the Freundlich isotherm model. In theory, up to 124.53 mg of Cu(II) could be removed by per gram of MCSB at optimal working conditions. Kinetic studies illuminated that the adsorption process could be best described by the pseudosecond-order kinetics model. In conclusion, magnetic chitosan/sodium alginate gel bead in our work is an easily-made and efficient composite adsorbent, which has the potential to be utilized in practical environmental applications. 
